It is necessary to further improve crystal quality of AlGaN multiple quantum well ͑MQW͒ structures on sapphire in order to achieve ultraviolet ͑UV͒ laser diodes. Two buffer technologies have been introduced based on our high temperature AlN buffer technology: modified "GaN interlayer" and "multiple porous AlN buffer." The Al 0.16 Ga 0.84 N / Al 0.05 Ga 0.95 N MQWs have been grown on top of the two kinds of buffers on sapphire. High resolution x-ray diffraction measurements have confirmed that the crystal quality has been massively improved. As a result, an UV stimulated emission at 340 nm has been observed via optical pumping with a low threshold power of ϳ6.6 kW/ cm 2 at room temperature. The developed approaches potentially provide a simple way for achieving electrical injection UV ͑including deep UV͒ laser.
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Most biomolecules show strong absorption in the ultraviolet ͑UV͒ spectral region at or below 340 nm. Therefore, an efficient UV laser with a wavelength at or below 340 nm plays an extremely important role in the field of healthcare. Currently, the major lighting sources still remain to be solidstate lasers employing harmonic generation, 1,2 which cannot be made into a portable system. It is necessary to develop a robust and compact III-nitride based semiconductor UV laser diode ͑LD͒. Major difficulties with achieving AlGaN based UV emitters and especially deep UV ͑DUV͒ with high performance arise from crystal quality. In addition, an AlGaN layer on a conventional thick GaN buffer suffers from a tensile stress, leading to a serious cracking problem. This becomes progressively worse as Al composition increases in order to move toward shorter wavelength. Therefore, an AlN buffer is necessary for UV emitters. However, the maximal temperature available for current growth facilities is far below the expected optimized temperature for growth of AlN, leading to an extremely high dislocation density in AlN. Until late 2008, Yoshida et al. 3 reported a 342 nm electrically injected LD, 4 and then reported a 336 nm electrically injected LD slightly later. Both are grown using a traditional epitaxial lateral overgrowth ͑ELOG͒ technology on sapphire in order to reduce the dislocation density of AlGaN layer on GaN buffer. As it is based on the GaN buffer, it may be difficult to move toward shorter wavelength due to the reasons stated above. A 214 nm stimulated emission was reported from AlN, grown using a complicated growth method consisting of patterned sapphire and a complex pulsed ELOG process. 5 It is well known that it is difficult to apply the ELOG in growth of AlGaN or AlN due to its intrinsic limitation. [6] [7] [8] SiC substrate can achieve AlGaN layer with a better crystal quality, 9,10 but it is extremely expensive. First stimulated emission at room temperature on III-nitrides is from a single GaN.
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Since 2005 we have developed so-called "thin GaN interlayer" and "porous AlN buffer" based on our AlN buffer approach, 12, 13 leading to massively improved crystal quality and thus significantly improved optical performance of UV emitters or DUV materials, but neither of them has been applied in growth of any UV laser structure yet. In this paper, we further modified both methods, and have achieved a stimulated emission at 340 nm with a low threshold via optical pumping at room temperature.
For the "thin GaN interlayer" method, GaN can effectively stop the penetration of dislocations from AlN buffer to overlying structures, leading to significantly improved optical properties of overlying AlGaN multiple quantum wells ͑MQWs͒.
12,14 The "porous AlN buffer" can result in a massive reduction in dislocation density and then significantly improved optical properties of overlying AlGaN MQWs compared with those directly grown on a standard AlN buffer. 13, 15 Therefore, it is expected that repeating of the porous AlN processes could further improve the crystal quality of AlN, leading to further improved optical properties of overlying AlGaN MQWs.
According to the above discussion, two sets of AlGaN MQW samples were designed and then grown on 2 inch sapphire by low pressure metal organic chemical vapor deposition. All the samples are grown under a pressure between 65 and 100 Torr, and all layers are nominally undoped. The schematic structures of the samples are illustrated in Fig. 1 . directly grown at 1200°C after thermal cleaning of sapphire surface under H 2 flow as usual. 16 Afterwards, a GaN interlayer with 100 nm thickness is subsequently grown at 1130°C, followed by 1 m Al 0.29 Ga 0.71 N layer and then ten periods of 10 nm Al 0.16 Ga 0.84 N / 3 nm Al 0.05 Ga 0.95 N MQWs. The sample is denoted as sample A. Another identical structure but with a 12 nm GaN interlayer is grown, i.e., sample B. Sample B is cracking-free; and sample A is crackfree except a few cracking at the edge part. For the second set of samples, three samples are grown: 0.3-0.5 m porous AlN is initially deposited at 1150°C and then an atomically flat AlN layer with 0.2-0.3 m thickness is grown at 1200°C under conditions of flowing a tiny amount of TMGa ͑Ref. 13͒ or pulsed supply of NH 3 , both aiming to enhance lateral growth rate. Such processes are repeatedly performed for one, two, and three times, respectively ͑de-noted as sample C, D, and E, respectively͒. For reference, another sample is grown on a standard flat AlN buffer ͑ϳ1 m͒, i.e., sample F. For all these four samples, the overlying structures remain identical to the first set of samples, i.e., 1 m Al 0.29 Ga 0.71 N layer and then ten period MQWs. Sample C and F are cracking-free; and sample D is crack-free except a little cracking at the edge part. Most part of sample E shows cracking-free but with a little cracking appearing between the center and edge part. Further investigation is undergoing to understand whether it is due to wafer-bowing induced temperature nonuniformity as the cracking does not appear in the center part of the wafer. A commercial Bede D1 x-ray diffractometer is employed to evaluate the crystal quality, and stimulated emission measurements are performed in an edge emission geometry by using a diode pumped pulsed neodymium doped yttrium aluminum garnet laser ͑266 nm͒ with a pulse repetition rate of 850 Hz and a pulse width of 9 ns. The laser beam incident onto the sample surface is focused into a rectangle shape which is approximately 0.5 cm in length and 500 m in width. All the samples are cleaved along ͑1120͒ plane of sapphire in order to achieve best cleaved parallel facets, which is important for stimulated emission measurements. The emission is collected from the edge of the samples, and detected by a charge-coupled device array detector. The polarized photoluminescence ͑PL͒ spectra are recorded by using a polarizer located in front of the entrance of the monochromator. Figure 2͑a͒ shows the emission spectra of sample A recorded under optical pumping peak power from 3 to 15 kW/ cm 2 . Under low optical pumping, there appears a broad emission peak at 335 nm due to a spontaneous emission. However, when the optical pumping power density increases to ϳ7.7 kW/ cm 2 , another peak on the low-energy side at ϳ340 nm appears. With further increasing optical pumping power density this peak becomes narrower and stronger, indicating a stimulated emission process. The excitation-power density dependence of the integrated emission intensity is given in Fig. 2͑b͒ , showing a threshold of ϳ7.7 kW/ cm 2 . Further experiment is performed to demonstrate that the stimulated emission exhibits a strong transverse electric ͑TE͒ mode polarization as shown in Fig. 2͑c͒ , a typical property of a stimulated emission for III-nitrides except high-Al contained layers. 17 The optical pumping polarization measurements are carried out under an optical power of 13 kW/ cm 2 as a function of polarization angle . The stimulated emission shows highest intensity at = 0, and disappears at = / 2. In a remarkable contrast, sample B does not show any stimulated emission under the optical pumping up to 15 kW/ cm 2 , as indicated in Fig. 2͑d͒ . The above comparison experiment confirmed that an increase in thickness of the GaN interlayer can further improve the crystal quality and thus optical properties of the overlying device structure, which has been studied in our previous report.
14 It is worthwhile to highlight that such GaN interlayer will not cause any internal absorption in an edge emitting laser structure. This is different from standard light emitting diodes ͑LEDs͒ as light generally emits from their top or bottom of LEDs.
For the second set of samples, the crystal quality has been examined by the asymmetric ͑102͒ x-ray diffraction ͑XRD͒ rocking curves shown in Fig. 3 , where a change in overall dislocation density can be accurately described by the full width at half maximum ͑FWHM͒ of ͑102͒ XRD rocking FIG. 2. ͑Color online͒ ͑a͒ Emission spectra of sample A recorded under different optical pumping; ͑b͒ integrated emission intensity as a function of optical pumping power; and ͑c͒ emission spectra obtained using polarizer in different angles. ͑d͒ Emission spectra of sample B measured under different optical pumping .   FIG. 3 . ͑Color online͒ ͑102͒ mode asymmetric XRD rocking curves of our "multiple porous AlN buffer" with a period from one to three times.
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curves. As a reference, the XRD rocking curve of a single AlN layer ͑sample F͒ is also given, showing ϳ1300 arc sec FWHM of ͑102͒ XRD rocking curve, a typical value for a standard AlN layer on sapphire. However, our porous AlN approach can result in a significant reduction in FWHM of ͑102͒ rocking curve. When the porous AlN growth process is repeatedly carried out for up to three times, the FWHM is reduced down to ϳ580 arc sec, meaning that the overall dislocation density in AlN layer has been massively reduced by using the multiple porous AlN buffer. The estimated dislocation densities for sample F, C, D, and E based on the XRD data are 2.0ϫ 10 10 , 9.4ϫ 10 9 , 7.1ϫ 10 9 , and 3.2ϫ 10 9 cm −2 , respectively. It is clear that there is a systematic reduction in dislocation density compared with a standard AlN layer on sapphire.
Stimulated emission measurements via optical pumping have been performed on all the second set of samples under the conditions. However, only sample E demonstrates a stimulated emission as shown in Fig. 4͑a͒ , where the emission spectra are recorded under optical pumping peak power from 3 to 15 kW/ cm 2 . Typically, a broad emission peak at 335 nm due to a spontaneous emission is observed under low optical pumping, and another peak on the low-energy side at ϳ340 nm appears when the optical pumping power density is increased to ϳ6.6 kW/ cm 2 . The 340 nm peak becomes narrower and stronger with further increasing the optical pumping power, indicating a stimulated emission process. The excitation-power density dependence of the integrated emission intensity shown in Fig. 4͑b͒ gives an estimated threshold, ϳ6.6 kW/ cm 2 . As a result of significant improvement in crystal quality and the thick AlN buffer that can massively further improve optical confinement ͑a lower refractive index than the Al 0.29 Ga 0.71 N layer͒, the threshold is lower than other reports. The polarization measurements, similar to Fig. 2͑c͒ and not given here, also confirm that the stimulated emission shows a clear TE mode polarization.
Under identical conditions for optical pumping measurements, all sample C, D, and F show a very similar behavior, i.e, a broad emission peak at 335 nm due to spontaneous emission can be observed, similar to sample B shown in Fig.  2͑d͒ . In another word, there is no any stimulated emission observed for sample C, D, and F. In combination with the XRD data shown in Fig. 3 , it can be concluded that an AlN buffer with a high crystal quality is crucial to obtain a stimulated emission. In our case, sample E with three repeats of porous AlN buffer layer shows highest crystal quality among the investigated samples. An obvious advantage for the multiple porous AlN buffer approach is that it can be easily extended for growth of any DUV laser structure, as it does not contain GaN.
In conclusion, two kinds of buffer technologies, i.e., "GaN interlayer" and "multiple porous AlN buffer," have been introduced to achieve UV materials with high crystal quality. Both buffer technologies can effectively reduce dislocation density of overlying structures and then lead to an observation of 340 nm stimulated emission at room temperature.
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